The effects of Aporrectodea caliginosa earthworms on both carbon dioxide (CO 2 ) accumulation in and emissions from soil, as well as the simultaneous impact of earthworms on soil microbiological properties were investigated in a microcosm experiment carried out over 5.5 months. Concentration of CO 2 in soil air was greater at a depth of 15 cm when compared with a depth of 5 cm, but varied during the season both in control and earthworm-inhabited chambers. Peaks of CO 2 concentrations at both depths occurred in both treatments during August, approximately 80 days after the experiment started. Generally, the presence of earthworms increased the CO 2 concentration at 15-cm depth. Larger CO 2 emissions were consistently recorded in conjunction with higher amounts of CO 2 in soil air when chambers were inhabited by earthworms. The total CO 2 emissions during the experimental period covering 161 days were estimated at 118 g CO 2 -C m -2 and 99 g CO 2 -C m -2 from chambers with and without earthworms respectively. Moreover, the presence of earthworms increased microbial biomass in the centre and at the bottom of chambers, and enhanced both dehydrogenase activity and nitrifying enzyme activity in the soils. We suggest that the effect of earthworms on both the enhanced soil accumulation of CO 2 as well as emissions of CO 2 was mostly indirect, due to the impacts of earthworms on soil microbial community. © Versita Sp. z o.o.
Introduction
Two groups of processes affect the composition of soil air: (i) consumption and production of different gases by soil organisms and plant roots, and (ii) limited exchange of gases between soil and the atmosphere. In a typical mineral soil, deviations of the aeration status mainly stem from the flux of oxygen and carbon dioxide, as they take part in respiration of plant roots, soil microorganisms, and soil animals. Thus, in comparison with the atmosphere, soil air usually contains similar amounts of nitrogen, but less oxygen and more carbon dioxide (in addition to more water vapor). By volume, the oxygen content may be slightly bellow 20% in upper layers, but it may drop below 10-5% or even to near zero in lower soil layers. Carbon dioxide concentration usually follows an inverse relationship to that of oxygen. Moreover, at a meso-and microscopic scale (mm -µm), countless microenvironments exist in the soil, characterized by many specific properties including the concentrations of oxygen and carbon dioxide [1] . Earthworms can influence the physical properties of soil directly by burrowing and casting [e.g. [2] [3] [4] , and indirectly because they affect the composition, abundance and activity of the soil microbial community [5] [6] [7] [8] . Earthworm burrowing activity results in a substantially increased volume of soil macropores, thus increasing water infiltration [9] [10] [11] and gas exchange [12] . Casting activity adds to soil stability and can be of particular importance at the microscale level [13] . Stimulation of microbial activity in soil by earthworms and the resulting increased soil respiration and nutrient cycling have been reported repeatedly [14] [15] [16] .
Many papers have reported a short-term increase of CO 2 emissions from earthworm casts [17, 18] or wormworked soil [19] [20] [21] [22] in comparison with untreated soil. In long-term experiments, however, no consistent trend of CO 2 release connected with earthworm activity or even the negative effect of earthworms on CO 2 emission was found [23, 24] . In addition, there are few data from field experiments demonstrating that earthworms increase soil respiration under natural conditions. Thus, it remains uncertain whether earthworms may significantly influence fluxes of gases between soil and atmosphere, and the effect of earthworms on soil aeration status in terms of CO 2 and O 2 concentrations in soil air is largely unknown. This study contributes to closing this gap, as it involved analyses of both direct and indirect effects of earthworms on soil aeration. We hypothesized that possible effects of earthworms on soil aeration and gas fluxes for the most part are both indirect and long-term. Therefore, selected properties of soil microbial communities were determined in addition to detailed measurements of gas concentrations in two soil depths, as well as gas fluxes from the soils. The soils were incubated in a field, either with or without adult specimens of the earthworm Aporrectodea caliginosa.
Experimental Procedures

Experimental setup
A field microcosm experiment was conducted in which earthworms were maintained in special chambers buried in soil for 5.5 months. During the experimental period, carbon dioxide and oxygen concentrations in soil air were monitored, and fluxes of CO 2 from soil were determined. At the end of the experiment, soil samples were collected from chambers and analyzed for several biological and chemical parameters. Chambers with and without earthworms were processed in order to estimate the effects of earthworms on soil properties and CO 2 formation in and emission from the soil.
Chambers consisted of 1.88 l cylindrical plastic (PVC) containers (10 cm internal diameter x 24 cm height) filled with 2 kg of sieved field moist soil. Nylon net (mesh size 1 x 1 mm) covered the lower part of the container and was also placed at the soil surface. For gas flux measurements it was possible to tightly close the container using a lid made of the same PVC material as the container tube. Both parts were sealed by means of a rubber O-ring. Headspace volume of a closed chamber was about 600 ml depending on precise volume of soil in the container, and was calculated for each individual chamber. The soil used was a loam-clay cambisol containing 36% clay (<0.002 mm), 24% silt (0.02-0.002 mm) and 40% sand (0.02-2 mm). It was collected under spring barley growing about 10 km NW from České Budějovice, South Bohemia, Czech Republic. The soil had a pH (H 2 O) of 6.5, a cation exchange capacity of 17.5 mequiv 100 g -1 soil, and contained 2.23% (w/w) organic carbon and 0.25% (w/w) total nitrogen. Immediately after collection, soil was hand-sorted and sieved (5 mm mesh) to remove earthworms and larger organic remains, including plant roots. It was then stored at 4±2 o C in polyethylene bags. Adult earthworms Aporrectodea caliginosa were collected at the same site as the soil, transferred into plastic boxes filled with original soil, and kept in the dark at a temperature of 11 o C. Worms that had not burrowed into the soil within four hours following the transfer were removed to ensure the usage of healthy and active individuals in the experiments.
One week after collection, the soil was packed into the containers to a depth of 15 cm. While filling the chambers, two Teflon tubes (0.5 mm ID, 1.58 mm OD, length about 15 and 25 cm, respectively) were placed in the soil in the centre of each chamber. Tubes were equipped with hypodermic needles (0.5 x 25 mm) tightly inserted in the tube at both ends. Widened parts of the needles were either filled in with glass wool (below ground end), thus protecting the tube against soil particles but allowing suction of soil air, or glued up with an epoxy glue (the upper end) to tightly close the tube. The needles connected to below ground ends of the Teflon tubes were fixed in the soil at depths of 5 and 15 cm respectively. Chambers filled with soil were then buried in an experimental field of the Institute of Soil Biology in České Budějovice and fixed in a vertical position with about 80 cm spacing so that only the top 2 cm protruded over the soil surface. The following day all chambers were treated with 300 ml of tap water, and earthworms (10 adult worms of A. caliginosa per chamber) were added to the containers. There were eight replicated chambers receiving earthworms and eight control chambers. Chambers were allowed to equilibrate for two weeks before the first measurements were performed. To prevent soil desiccation, the experimental plot was shaded with a cloth roof and irrigated using a watering can; irrigation imitated 10 mm rain, and soil moisture was maintained approximately in the range of 0.20 to 0.25 g H 2 O g -1 dry soil and occasionally checked. Irrigation was uniform across the whole plot to provide similar moisture conditions in all microcosms under study.
Soil air was sampled twelve times in a period between mid June (first sampling, day 165) and the end of November (last sampling, day 326). Air samples were collected using pre-evacuated 5 ml Vacutainer tubes (vacuum 4.15 ml) and double-sided hypodermic needles. Air samples were collected between 8.00 am and 9.00 am and analyzed usually within a 1 h period after sampling.
Emissions of carbon dioxide from the chambers were recorded nine times in total during an incubation period. The measurements were performed within a day or two after the measurements of soil air composition, at the same time of day (i.e. between 8.00 and 9.00 am). For this purpose, containers were closed using lids. After 5 and 65 minutes, headspace in each chamber was sampled using a double-sided needle inserted through the septum (red butyl rubber stopper normally used for sealing the Vacutainer tube, placed in the hole at the centre of the lid), and pre-evacuated Vacutainer tubes were used for sample storage as above. Time course of the CO 2 accumulation in the headspace was almost linear during ca 1.5 h as checked in an independent experiment (details not shown).
At the end of incubation period, chambers were excavated from the field and the soil was removed carefully. Three composite soil samples (mixed from all chambers with or without earthworms) were collected separately: samples from 0-2 cm (top), 9-11 cm (centre) and 18-20 cm (lower) layers, respectively, were obtained from each treatment. The soils were stored in polyethylene bags at 4±2°C and analyzed for biological properties within a few days. Prior to analyses, they were equilibrated to 25°C. All analyses were carried out in four replicates.
Portions of soils were allowed to air-dry and used for subsequent chemical analyses. Organic carbon (C ox ) content was determined by wet oxidation with acid dichromate. Total nitrogen (N tot ) was determined by Kjeldahl digestion [25] . Nutrients extractable in Mehlich II solution were determined using standard methods of the Czech Central Institute for Supervising and Testing in Agriculture [26] . CO 2 and O 2 concentrations were quantified in 0.5 ml samples in HP 5890 GC (Hewlett-Packard, USA) equipped with a thermal conductivity detector and fitted with two parallel steel columns with Porapak Q and MS 5A, respectively, operated at 70°C.
Carbon dioxide and oxygen determination
Microbial properties determination
Microbial biomass was estimated using the CHCl 3 fumigation-extraction method [27] . 10 g samples of moist soil were used and sulphate extractable C was determined using dichromate digestion. Glucose induced respiration was estimated using (aerobic) CO 2 production during 2 hours following addition of 50 mg glucose per 10 g moist soil. CO 2 was determined by gas chromatography. Dehydrogenase activity was determined using the method of Casida et al. [28] . Soils (3 g) were mixed with 0.04 g CaCO 3 , 1 ml of 3% aqueous triphenyl-tetrazolium chloride (TTC) solution, and 2.5 ml of distilled water in test tubes. The tubes were sealed, shaken, and incubated at 37°C for 24 hours. TTC-formazan was extracted from the soil suspension with methanol, filtered, and increased to 50 ml with additional methanol. The absorbance at 485 nm (1-cm path length) of the extracts was measured by spectrophotometry (Jenway 6105) using methanol as a blank. Nitrifying enzyme activity was determined during short-term incubation [29] . 20 g soil samples were flooded with 100 ml phosphate buffer in 300 ml serum bottles; ammonium sulphate and sodium chlorate were then added and samples were incubated aerobically at 25°C for 8 hours. After 4 and 8 hours of incubation, subsamples of suspension were collected and nitrites were determined colorimetrically using a modified Griess-Ilosvay method [30] . Data on soil microbial properties were finally re-calculated per gram of dry soil; soil moisture was determined after drying at 105°C for 24 hours.
Statistics
Statistica 6 (StatSoft, Inc., USA) software was used for statistical analysis of the data. The significance of effect of treatments on soil microbial characteristics and CO 2 fluxes was tested using ANOVA and post hoc Tukey test. The differences between soil chemical properties were analysed using a t-test.
Results and Discussion
During the course of the experiment, carbon dioxide concentration in soil air varied (Figure 1) , with higher temporal variability having been recorded at the depth of 15 compared with 5 centimeters. Relatively high concentrations of CO 2 at the start of the experiment were likely caused by the increased soil respiration as a response to soil handling (sampling, sieving and filling into the chambers). Initially increased CO 2 concentration gradually decreased during the first 3 weeks from the beginning of measurements; this period was then followed by a progressive increase in soil CO 2 concentrations, regardless of the presence or absence of earthworms. Maximum CO 2 concentrations at both depths and treatments were reached during August (days 214-244), and they gradually lowered later in the season. Therefore the time course of the CO 2 concentration roughly followed changes in soil and air temperatures (not shown), which is in agreement with numerous field studies (for overview see e.g. [1] ). CO 2 concentration at 5 cm followed the same pattern in both treatments, and although there were often slightly higher concentrations in chambers with earthworms, no significant differences between the treatments were recorded. At 15 cm, however, higher CO 2 concentration in chambers with earthworms was found eight times, while lower CO 2 concentration was found only four times during the experiment. Moreover, while the decreases were insignificant, increases in chambers with earthworms relative to control chambers (without earthworms) were statistically significant on three occasions. While earthworms did not significantly influence aeration status of the topsoil layer, this experiment indicates that deeper layers were affected. In general, the presence of earthworms increased CO 2 concentration in soil air, which is inconsistent with the generally accepted idea about the positive effect of earthworms on soil ventilation and soil oxygen concentration (better ventilation usually means improved exchange of gases between soil and atmosphere and thus increased tendency to replace oxygen consumed and to decrease carbon dioxide produced in respiration processes [1] ). It may be partly explained by the fact that most previous results were obtained in experiments with Lumbricus terrestris or anecic worms creating vertical burrows open at soil surface [13] . However, endogeic species A. caliginosa burrows more horizontally and burrow openings are often filled with casts [31] .
In chambers with earthworms, higher amounts of CO 2 were found in soil air, and larger CO 2 emissions were also consistently recorded (Figure 2) , and the differences between the treatments were significant on two occasions (days 250 and 263, respectively). Subsequently, CO 2 emissions from worm-worked soil decreased and did not differ from those from untreated soil. The total CO 2 emissions during the experimental period covering 161 days were greater from chambers with earthworms (118 g CO 2 -C m -2 ) than from control chambers (99 g CO 2 -C m -2 ). Extrapolation of CO 2 loss to a whole-season basis may not be appropriate, however, due to a limited number of emission measurements and a high degree of temporal variability of fluxes found in this study. Our findings on clay-loam soil are opposite to those obtained by Caravaca and Roldán [32] , who reported either decreased CO 2 flux (sandy and clayloam soils) or no effect (clay soil) of earthworms Eisenia foetida on CO 2 evolution from soil treated with composted organic residues. Our findings do, however, correspond well with the results of much shorter experiments by Caravaca et al. [33] . They found that the addition of E. foetida earthworms into microcosms with sandy soil amended by a mixture of cereal residues and a small proportion (10%) of aerobically digested sewage sludge increased the amount of CO 2 evolved in 53 days from 982 to 1649 mg CO 2 -C kg −1 soil. Similarly, in their most recent study, Speratti and Whalen [34] reported that earthworms were responsible for 7-58% of the total CO 2 flux from microcosms with agricultural sandy-loam soil during a 28 day experiment: compared to the control (no earthworms), the CO 2 flux was greater in microcosms with double the population levels of earthworms relative to those with a natural population level, and also in microcosms with mixed L. terrestris and A. caliginosa populations relative to single species populations. Wessells et al. [35] concluded from their two-year experiment, that earthworms significantly modified soil respiration in the field, but that their influence was seasonal, depending on environmental conditions, and was affected by temporal patterns in C supply.
In the present experiment, earthworms activities resulted in (i) significantly increased microbial biomass (MB) in the centre and the lower soil layers ( Figure 3A) , (ii) increased (though not significant), glucose-induced respiration (GIR) in the whole profile ( Figure 3B ), (iii) significantly increased dehydrogenase activity (DHA) in the top and the centre layers ( Figure 3C ), and (iv) significantly increased nitrifying enzyme activity (NEA) in both centre and bottom layers ( Figure 3D ). These findings confirm positive effect of earthworms on the size of soil microbial community (MB, partly GIR), and indicate generally enhanced microbial activity (DHA) in chambers with earthworms. Moreover, increases in potential nitrification activity (NEA) in chambers with earthworms suggest higher ammonification, likely resulting from enhanced mineralization and degradation of soil organic matter. This idea is further supported by decreases in C/N ratio in the centre and the lower soil layers ( Table 1) . The data on changes in soil microbial and chemical properties therefore suggest that more active microorganisms could be responsible for the increased carbon dioxide production in soil inhabited with earthworms. There are many studies reporting that earthworms affect the density and activity of soil microorganisms [13, 14] , both indirectly by changes in physical parameters of the soil [36] , and directly when microbes are ingested by worms. During the gut passage, the number of microorganisms increases significantly and the structure of microbial communities changes [36] ; some microbes are digested while others are stimulated by the rich nutrient supply [13] . Recently, Svensson and Friberg [37] found higher active microbial biomass in soil with Aporrectodea caliginosa than in soil without earthworms in a microcosm experiment with arable soil. Though the direct effect of earthworms on the increased CO 2 accumulation in and subsequent emission from the soil in the present study cannot be excluded, it is likely that earthworms increased soil CO 2 production indirectly, due to the effects on soil microbial community.
Conclusions
The presence of earthworms increased the CO 2 concentration in soil at a 15 cm depth. Consistently with a higher amount of CO 2 in soil air, larger emissions were recorded in chambers with earthworms. Measurements of microbial biomass and activities in the soils at the end of experiment indicated a significant impact of earthworms on soil microorganisms. Data suggest that the effect of earthworms on the enhanced accumulation in and emission of CO 2 from the soil was indirect, due to the impacts on soil microbial community.
